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Abstract In a controlled patient
study we investigated the potential
of attenuation-based on-line modula-
tion of the tube current to reduce
milliampere values (mAs) in CT ex-
aminations of children without loss
of image quality. mAs can be re-
duced for non-circular patient cross
sections without an increase in noise
if tube current is reduced at those an-
gular positions where the patient di-
ameter and, consequently, attenua-
tion are small. We investigated a
technical approach with an attenua-
tion-based on-line control for the
tube current realised as a work-
inprogress implementation. The CT
projection data are analysed in real
time to determine optimal mAs val-
ues for each projection angle. We
evaluated mAs reduction for 100 spi-
ral CT examinations with attenua-
tion-based on-line modulation of the
tube current in a group of children.
Two radiologists evaluated image
quality by visual interpretation in
consensus. We compared the mAs
values read from the CT scanner
with preset mAs of a standard proto-
col. Four different scan regions were
examined in spiral technique (neck,
thorax, abdomen, thorax and abdo-
men). We found the mAs product to
be reduced typically by 10–60% de-
pending on patient geometry and an-
atomical regions. The mean reduc-
tion was 22.3% (neck 20%, thorax
23%, abdomen 23%, thorax and ab-
domen 22%). In general, no deterio-
ration of image quality was ob-
served. There was no correlation be-
tween the age and the mean mAs re-
duction in the different anatomical
regions. By classifying the children
respectively to their weight, there is
a positive trend between increasing
weight and mAs reduction. We con-
clude that mAs in spiral CT examin-
ations of children can be reduced
substantially by attenuation-based
on-line modulation of the tube cur-
rent without deterioration of image
quality. Attenuation-based on-line
modulation of tube current is effi-
cient and practical for reducing dose
exposure to children.
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by an attenuation-based on-line modulation 
of tube current (CARE Dose)
Introduction
Approximately 30% of the radiation exposure from med-
ical imaging modalities is attributable to CT, although
CT examinations represent only 4–6% of all X-ray-based
imaging studies in Germany [1] and in Britain [2]. Radi-
ation exposure, therefore, remains a predominant issue in
CT. In particular, the potential risk of exposing paedi-
atric patients to ionising radiation has always been of
concern to the medical community [3,4], especially be-
cause the radiosensitivity of children is higher than that
of adults [5]; thus, for paediatric imaging, it is of the ut-
most importance to reduce radiation exposure to the min-
imum appropriate for diagnosis. In the United States we
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see an increased use of CT in paediatric populations and
a concomitant increase in radiation dose and risk of can-
cer [2, 6]. The reason for the excess radiation dose is the
common practice of using the same X-ray exposure fac-
tors for CT examinations of children as those used for
adults [6]. Paediatric spiral CT parameters are not adjust-
ed on the basis of the examination type or age of the
child [7].
This background has motivated us to try to reduce
dose in spiral CT examinations of children.
A technical approach to reduce dose was introduced
using a software-based modulation of the tube current
(SmartScan, General Electric, Milwaukee, Wis.). The lo-
cal absorption was measured in the 100 central channels
of two localiser radiographs (lateral and anteroposterior)
and used for sinusoidal modulation of the tube current
[8, 9, 10].
In contrast to this, our approach to reduce dose is an
attenuation-based on-line modulation of the tube current.
In a phantom and a cadaver study [11] and first patient
studies [12, 13] we showed that a substantial dose reduc-
tion with equal or improved image quality is possible.
We observed more homogeneous noise and fewer noise
artefacts with attenuation-based on-line modulation of
the tube current vs constant tube current [12].
In the past few years, studies have been published
about low-dose spiral CT and low-dose high-resolution
CT (HRCT) for minimising the dose, also for the thorax
region of children [3, 14].
The present study aimed to investigate the possible
extent of a reduction of exposure for children in four
scan regions. We examined the neck, thorax, abdomen
and the thorax and abdomen scan regions.
Materials and methods
Noise in CT images varies proportionately to the square root of
the applied dose, i.e. proportionately to the square root of the mAs
product if the tube current is kept constant; however, noise in CT
images is dominated by those projections in which attenuation is
the highest. For an object with circular cross section, attenuation is
constant over all projections, and all measured values contribute
equally. For a noncircular cross section, however, attenuation var-
ies strongly, sometimes by more than three orders of magnitude.
Noise in the data measured in high-attenuation projections, i.e.,
mostly in lateral direction, is decisive for the noise level in the CT
image. This means that the dose for projections with relatively low
attenuation, i.e., mostly in anteroposterior direction, can be re-
duced substantially without a measurable increase in image noise.
The conclusion, and the basic consideration of our approach, is
that tube current should be decreased as a function of rotation an-
gle whenever attenuation is low. As a result, we had to develop
means for monitoring attenuation on-line and for variation of tube
current as a function of projection angle with a delay of 180°. For
projections with low attenuation the maximal reduction of the tube
current was 90%.
The respective technical solution (attenuation-based on-line
modulation of tube current CARE Dose) was implemented as a
work-in-progress option on a Somatom Plus 4 (Siemens, Erlangen,
Germany).
We performed 100 spiral CT examinations on a group of chil-
dren without selection. The age ranged from 0 to 18 years. Four
different scan regions were examined: spiral CT of the neck
(n=19); thorax (n=27); abdomen (n=33); and thorax and abdomen
(n=21). The scan parameters for the neck was slice thickness
5 mm, feed 5 mm per rotation, reconstruction increment 3 mm and
rotation time 0.75 s; for the thorax, abdomen, and thorax and ab-
domen region parameters were slice thickness 8 mm, feed 10 mm
per rotation, reconstruction increment 5 mm and rotation time
0.75 s.
We compared the results of milliampere (mAs) values read
from the CT scanner with preset mAs of a standard protocol
adapted to the individual age of the children (Table 1). We corre-
lated the age of the children with the measured mAs reduction.
For this purpose we divided the children into three groups:
0–5 years (n=15); 6–11 years (n=44); and 11–18 years (n=41).
We also correlated the weight of the children with the mea-
sured mAs reduction. For that we divided the children into four
groups: <20, 20–40, 40–60, and >60 kg.
Two experienced radiologists evaluated image quality by visu-
al interpretation in consensus and rated the images as “poor”,
“good” and “very good” image quality.
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Table 1 Standard protocols
(120 kV, 0.75 s rotation time) Scan region Age
<2 years 2–6 years 6–14 years 14–18 years
Neck
mAs 90 150 150 150
Slice/feed/increment (mm) 3/5/3 3/5/3 3/5/3 3/5/3
Thorax
mAs 90 140 170 170
Slice/feed/increment (mm) 3/5/3 5/7.5/3 5/7.5/3 8/10/5
Abdomen
mAs 90 170 200 280
Slice/feed/increment (mm) 3/5/3 5/7.5/3 5/7.5/3 8/10/5
Thorax/abdomen
mAs 90 170 200 280
Slice/feed/increment (mm) 3/5/3 5/7.5/3 5/7.5/3 8/10/5
Results
mAs reduction
The average mAs reduction of all scan regions was
22.3% (maximal 60.0%, minimal 10.7%). The average
mAs reduction in the neck scan region was 20%, 23% in
the thorax scan region, 23% in the abdomen scan region
and 22% in the thorax–abdomen scan region (Fig. 1).
Figure 2 shows a first example from the abdomen
scan region.
Correlation between age and dose reduction
The mean mAs reduction in the first group (<6 years)
was 18% in the thorax region, 27% in the thorax and ab-
domen region, and 24% in the abdomen region. In the
second group (6–11 years) the mean mAs reduction was
19% in the neck region, 20% in the abdomen region and
in the thorax region, and 21% in the combined thorax
and abdomen region. In the third group (11–18 years) the
mean mAs reduction was 21% in the neck region, 25%
in the thorax region, 24% in the thorax and abdomen re-
gion, and 27% in the abdomen region. We see no corre-
lation between the age of the children and the mean mAs
reduction in the different anatomical regions (Fig. 3).
Table 2 shows the correlation between mAs reduc-
tion, age and weight in the different anatomical regions.
Correlation between weight and dose reduction
The mean mAs reduction in the first group (<20 kg) was
20.8%, in the second group (20–40 kg) 20.9%, in the
third group (40–60 kg) 24.4% and in the fourth group
(>60 kg) 26.8%. We see a positive trend of the mAs re-
1573
Fig. 1 mAs reduction (mean and range) in four scan regions
Fig. 2 A 5-year-old girl with left kidney nephroblastoma. Image
quality was graded as very good. mAs reduction expressed in total
mAs was of 27.2%
Fig. 3 mAs reduction (mean)
in subject to the age and ana-
tomical region of the children
duction in these four groups regarding the increasing
weight of children (Fig. 4).
Assessment of image quality
In all scan regions we evaluated the image quality of the
spiral CT with attenuation-based on-line modulation of
tube current. With regard to the visual image quality, im-
age noise and contrast resolution the evaluation of image
quality resulted in 5% poor images (n=5), 11% good im-
ages (n=11) and 84% very good images (n=84; Fig. 5).
As we were satisfied with this high image quality, we
considered that a second acquisition without CARE
Dose was not necessary.
Figure 6 shows an example of the abdomen region of
a child with an abscess after pyelonephritis on the left
kidney. In this case a mAs reduction of 24.1% was eval-
uated, and the image quality was very good. Also the
MPR showed a very good image quality in which the
whole extension of the abscess was better demonstrated.
Discussion
The results of this patient study show that a substantial
reduction of the mAs can be achieved in all four scan re-
gions using attenuation-based on-line modulation of the
tube current. Our results agree well with previous cadav-
er examinations [11] and the results of our previous pa-
tient studies [12, 13].
For an alternative approach using a sinusoidal tube
current modulation based on scout views (SmartScan)
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Table 2 Correlation between mAs reduction (minimum, mean, maximum, SD, number), age (years) and weight in the different scan re-
gions
Scan region Age Weight
(years)
<20 kg 20–40 kg 40–60 kg >60 kg
mAs reduction (%) mAs reduction (%) mAs reduction (%) mAs reduction (%)
Min., mean, max., Min., mean, max., Min., mean, max., Min., mean, max., 
SD SD, N SD, N SD, N
Neck 0–5 – – – –
6–10 18, 19.3, 20.2, 0.9, n=5 –, 19.4, –, –, n=1 – –
11–18 – 10.7, 17.1, 21.8, 4, n=5 15.7, 22.1, 24.9, 0.03, n=7 –, 25.6, –, –, n=1
Thorax 0–5 16.1, 17.8, 21.6, 2.5, n=4 – – –
6–10 17.8, 18.7, 19.5, 1.2, n=2 16.3, 18.4, 20.2, 1.8, n=4 –, 27.9, –, –, n=1 –
11–18 – 15.1, 27.3, 57.0, 19.8, n=4 19.3, 24.7, 49.9, 9.8, n=10 23.4, 25.2, 28.0, 2.5, n=3
Thorax/ 0–5 –, 27.1, –, –, n=1 – – –
abdomen 6–10 16.3, 19.3, 21.4, 1.9, n=6 15.4, 20.3, 23.5, 3.0, n=5 25.8, 25.9, 26.1, 0.2, n=2 –
11–18 – 22.7, 23.6, 24.0, 0.7, n=3 –, 20.4, –, –, n=1 23.0, 27.2, 31.3, 5.9, n=2
Abdomen 0–5 16.0, 24.4, 50.8, 9.6, n=10 – – –
6–10 13.5, 19.3, 28.1, 6.0, n=7 14.0, 20.5, 29.9, 5.0, n=8 – –
11–18 – –, 23.0, –, –, n=1 18.0, 28.3, 60.0, 17.9, n=5 22.8, 26.1, 29.4, 4.6, n=2
Fig. 4 mAs reduction (mean and range) in subject to the weight of
the children
Fig. 5 Proportion of children with image quality in images rated
very good, good and poor with attenuation-based on-line tube cur-
rent modulation
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there are no data available for dose reduction in children.
Using attenuation-based on-line modulation of tube cur-
rent, we achieved substantially higher dose reduction in
the thorax and the abdomen scan region comparing our
own results for children with the results in the same scan
region for adults with SmartScan. In the thorax our re-
duction averaged 22.9%, compared with 3.3% [9], 7%
[10] and 15% [8], respectively, with the latter system. In
the abdomen the comparable figures were 23% com-
pared with 6% [10], 8.4% [9] and 9%, respectively [8].
In our previous patient study the average mAs reduc-
tions for adults were 22% in the thorax scan region and
15% in the abdomen scan region, and 25% in the pelvis
scan region [13], respectively, compared with 23% in the
thorax and the abdomen scan region for children, and
22% in the combined scan region of thorax and abdo-
men; thus, we see a comparable mAs reduction for our
approach in adults and children.
The large spread of mAs reduction in the present
study, especially in the thorax and the abdomen scan re-
gion (minimal 13.5%, maximal 60% in the abdomen
scan region), results, on one hand, from extremely thin
children with a large difference from lateral to antero-
posterior cross section and with it a large possibility to
reduce mAs with our approach, and on the other hand,
from extremely obese children with hardly a difference
from lateral to anteroposterior cross section and conse-
quently a small possibility to reduce mAs with our ap-
proach.
Monte Carlo dose calculations for scans with attenua-
tion-based on-line modulation of the tube current
showed that in fact patient dose is reduced much more
strongly than is indicated by the aforementioned mAs re-
duction [15]. This applies especially for the centre of the
scan object where most of the radiosensitive organs are
located [15]; thus, CARE Dose is able to reduce expo-
sure to the most-at-risk organs, e.g. the gonads.
The image quality with attenuation-based on-line
modulation of tube current was estimated subjectively in
84% of patients as very good. Also, the image noise
shows subjectively no increase. On the contrary, in a pre-
vious study [12] we saw that the image quality of a few
patients was rated better because the noise contribution
was more homogeneous. The quality deficiencies of the
single scans evaluated only as good and poor were due to
motion artefacts in very young children; yet, these imag-
es were also of diagnostic image quality so that no addi-
tional studies were necessary. Also, other authors ob-
served only “good” image quality by tachypnoeic infants
[14].
With low-dose spiral CT of the thorax region a drastic
dose reduction is possible. It was reported that the dose
ranged from 3.8 mGy at 25 mAs to 36.5 mGy at
250 mAs measured on a 20-cm round phantom with
thermoluminescent dosimeters (TLD) in a paediatric
study [3]. Other authors reported on a reduction of the
effective dose by spiral CT of the thorax in adults from
9.6 to 0.6 mSv [16]. With the low-dose spiral CT tech-
nique you can see an evidently increased image noise
noticeable on the mediastinal window setting [3, 16].
While the increasing image noise in the high-contrast
resolution (lung window) is of no great relevance, there
are mainly effects on the low-contrast resolution (medi-
astinal window) [3], and the evaluation of the mediasti-
num is not possible [16].
On the other hand, with attenuation-based on-line
modulation of the tube current there is no loss in diag-
nostics of the mediastinum with, subjectively assessed,
no increase in image noise.
Another paediatric study was performed with 80 and
40 mAs for high-resolution low-dose chest CT [14].
Scans performed at 80 mAs showed no loss of pulmona-
Fig. 6 Image from the abdomen scan region. The mAs reduction
was 24.1%. The image quality from the axial scan and also from
the MPR was rated as very good
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ry detail relative to 200- and 140-mAs studies; scans
with 40 mAs were noisy but remained acceptable for
evaluating parenchymal disease [14].
The positive trend between the weight of the children
and the mean mAs reduction that we see agrees well
with previous phantom measurements. In these phantom
measurements it can be seen that the ratio between later-
al attenuation and anterior–posterior attenuation is larger
in heavy patients than in thin patients [17]. This correla-
tion is the cause for a potential increase in mAs reduc-
tion. In United States there are attempts to adjust the
tube current settings based on children’s weight with a
profound effect on radiation dose [6, 18]. The major dis-
advantage of decreasing the mAs, they described, is an
increase in noise and the associated potential for degra-
dation of image quality [18]. With our additional ap-
proach there is no increase in noise.
We conclude that the use of attenuation-based on-line
modulation of the tube current allows a substantial mAs
reduction in all four investigated scan regions without a
decrease in image quality. This new technique is effi-
cient and practical for minimising dose exposure in spi-
ral CT of children.
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